The fault current level of microgrid is different between islanded mode and grid connected mode. This situation degrades the performance of traditional overcurrent protection schemes. Hence, this paper proposes a protection method based on feature cosine and differential scheme. Firstly, feature cosine is proposed; it employs ellipse equation and minimum least squares to quantify the united behavior about voltage and current. Secondly, fault current direction and feature cosine are analyzed when fault occurs at different locations of a typical microgrid, and then the difference of feature cosine between faulty and healthy section locations is obtained. Thirdly, based on feature cosine and differential scheme, the differential direction is defined and utilized to detect faulty section location. Lastly, various time domain simulation case studies, including different microgrid operation modes, grounding resistances, faulty types, faulty section locations, and noise influence, are conducted and demonstrate that the proposed protection has high accuracy.
Introduction
Due to climate concern, technological advancements, and government incentives, microgrids are emerging as a lowmedium voltage energy network which include various types of distributed generation (DG) such as solar, wind, and geothermal [1, 2] . Some advantages of the presence of microgrids include reduction of power delivery loss, reduced greenhouse gases, and enhancement of power reliability.
However, the emergence of microgrids involves a lot of technical challenges, e.g., voltage and frequency control, stability problems, power quality, and so on, because microgrid operation, control, and protection are typically different from those of traditional power networks [3] [4] [5] . One of the major issues in microgrid is the microgrid protection. Different reasons responsible for this are as follows: (i) power flow may become bidirectional when DGs are integrated into the microgrid; (ii) fault current levels may be limited to 2∼3 times the inverter-rated current; (iii) the microgrid may connect or disconnect DGs; (iv) the microgrid has two operation modes including islanded and grid connected modes; (v) zero and negative sequence currents cannot be neglected in normal conditions since single-and three-phase unbalanced loads are embedded into microgrids.
At present, scholars have proposed various methods to protect microgrids. Reference [6] proposes a three-stage approach to microgrid protection including offline analyses, online calculation, and real-time protection, which is based on establishing dynamic security model in microgrid. Reference [7] employs hysteresis control and maximum current RMS control to limit the fault current; it can make fault current have a percentage of fifth harmonic which is utilized to build protection strategy, but this method is only suitable for islanded microgrid. Reference [8] investigates protection issues related to LV microgrids and elaborates LV microgrid protection concepts comprehensively. Voltage and frequency relays are used as a point of common coupling relay, and directional overcurrent (DOC) relay is utilized for feeder protection. DOC takes a long time to operate. Besides, with its operation, all of the feeder elements should be tripped. In [9, 10] , sequence components, e.g., positive and negative sequence components, are employed to design the protection, but it can make relay coordination become more complex because of multiple settings. Reference [11] has proposed a novel fault location method based on the maximum oscillation magnitude of the transient voltage signal, but this method does not consider the three-phase microgrid. The dq wavelet packet transform-based digital protection has been implemented to investigate several transient disturbances occurring in different parts of the microgrid system [12] ; it suffers a problem about choosing suitable wavelet basis functions. Two time-frequency-based differential schemes, which can avoid the selection of wavelet basis functions, are presented for microgrid protection; one is the HilbertHuang transform [13] , and the other is the generalized Stransform [14] . In these two works, how to find effective threshold is necessary. This problem can be avoided by some statistical classifiers; for instance, [15, 16] have used the threephase voltage amplitude, voltage total harmonic distortions, and other 19 electrical features to build classifiers including Decision Tree and Naive Bayes, to detect fault and achieve protection; [17] has utilized combined wavelet transform and decision tree to detect and classify the fault; however, the protection strategies in [15, 16] are only designed for islanded microgrid, and the unbalanced loads situation is not considered in [17] . Reference [18] presents a data-mining-based intelligent differential protection scheme for the microgrid, but it uses 7 feature components, for example, the differential rate-of-change of frequency, the differential reactive power change with time and so on, but the shortcoming of this method is that it has much data needed to solve including many feature components and high sampling rates. This problem can also be found in [15] [16] [17] .
Thus, compared with other differential methods, the contributions of this paper are as follows:
(1) This paper extracts the fault feature through solving the parameters of ellipse equation based on the current and voltage fault component. It can only use 5 sampling points to determine the parameters of ellipse which are employed to acquire polarity relationship between the busbar voltage and current.
(2) As for detection criteria, this paper uses ±1 to define the feature direction of busbar. It can decrease the difficulty of communication and avoid threshold selection for different operation modes of microgrid.
The rest of this paper is organized as follows. Section 2 employs ellipse equation and minimum least squares to acquire feature cosine to describe the united behavior about voltage and current. The microgrid structure and the reason why the feature cosine can be used are shown in Section 3. Section 4 discusses the change of feature cosine when fault occurs at different locations. Section 5 presents how to use the feature cosine to obtain the differential feature direction to detect faulty section location. Section 6 shows the performance of proposed method including different microgrid operation modes, grounding resistances, and faulty section locations. Moreover, the condition of unbalanced loads is taken into consideration.
Feature Cosine of One Phase in a Bus

Mathematical Background.
The voltage and current signals in one phase of a bus at time t can be written as
where the angle is the delay between i(t) and u(t). U 0 and I 0 are the peak values of u(t) and i(t), respectively. is the angular velocity, =2 f. In China system, f =50 Hz. cos( ) is defined as the feature cosine.
As for a bus, Figure 1 shows the united behavior of the voltage and current sine signals for one phase at different conditions. This behavior can be modeled using a conic section mathematical equation or, more specifically, the equation of the ellipse.
By applying (5), the Cartesian form for the equation of the bus ellipse is defined as (4) [19] .
The equation of the ellipse, for any value of U 0 and I 0 , is given by 2 0
Hence, as for a bus, using the geometric properties of (7) can monitor the behavior of voltage and current signals for each phase and identify the moment when potential faults have occurred; besides, this paper proposes that the parameters of the ellipse can be seen as an index to indicate the faulty section location, which is elaborated in the following sections.
Feature
Cosine. According to [20] , an ellipse section defined in R 2 represents a set of points whose coordinates satisfy the general equation (8) , the form of (8) is equivalent to (7) , and (8) can be seen as a fitting model to obtain the parameters of (7).
with the parameters a or b or c ̸ = 0. Then, (7) and (8) can both be rewritten in matrix form as
Based on the minimum least squares, a cost function J a can be written as
Hence, the parameters estimation problem is transformed into a simpler problem of finding a local minimizer for J a ; this problem can be solved by Levenberg-Marquardt algorithm, and it is described in [16, 17] .
Lastly, the parameters of equation (7) can be obtained from Levenberg-Marquardt algorithm.
And the feature cosine cos( ) can be shown in (13) , cos( ) can represent the phase relation between the voltage and current, and it is mentioned that cos( ) for each phase is a constant even in the condition of unbalanced loads if a microgrid operates normally. cos( ) is the index mentioned in Section 2.1. Section 3 will illustrate why cos( ) can be employed to detect microgrid faulty location.
Feature Cosine Utilization Reason
Microgrid Topology.
A modified microgrid based on the topology of CERTS microgrid model [21] is shown in Figure 2 (a) and established in Matlab/Simulink. This microgrid is a part of the power distribution system, and it is connected to the utility grid using a transformer 0.4/10kV. Each distributed generation (DG) is controlled by improved droop controller [22, 23] . Table 1 shows each load capacity. The system parameters are given: the power electronic device is the IGBT; the capacities of DGs are all 80kVA; switch frequency is 6kHz; the DC voltage is 800V; Line: resistance and inductance are 0.642 Ω/km and 0.083H/km; the length of Line 1, Line 2, and Line 3 are 0.3km, 0.2km, and 0.5km, respectively.
3.2.
Reason. The fault current-limiting strategy is applied for each DG according to [24, 25] . For example, when the microgrid occurs, three-line-ground (LLLG) fault or singleline-ground (LG) fault at 0.2s, whose faulty location is Line 2 of Figures 2(a), 2(b), and 2(c), shows that the fault currentlimiting strategy, after 0.21s, can effectively limit each DG fault current into 2 times of the rated current; besides, this strategy can restrain the harmonics and make the frequency of output current and voltage equal to 50Hz. This is the reason why this paper can use the feature cosine to detect the faulty section.
The Analysis of Microgrid Fault Feature
Fault at Line 1.
Based on the analysis method from [26] , this paper focuses on the current direction. When shortcircuit fault occurs at Line 1 of Figure 2 (a), B 1 , B 2 , B 3 , B 4, and B 5 are bus. Taking B 1 and B 2 as an example, Figure 3 shows the current direction of B 1 and B 2 , which is suitable for the islanded mode and grid connected mode. When DGs supply power for downstream load shown in Figure 3 (a), phase 1 and 2 are shown in (14) ; this is because loads in microgrid are generally inductive loads. 
Current positive direction
Prefault current direction 
Prefault current direction
Prefault current direction After fault, because the grounding impedance of fault point is obviously less than the load impedance [22] , as for current direction, B 1 and B 2 are both from bus to fault point. Moreover, the voltage phases of B 1 and B 2 are not changed. Based on this, (15) and (16) can be expressed and present that cos( Figure 2 (a), the current direction of B 1 and B 2 is shown in Figure 4 .
Fault at Line 2. When the fault occurs at Line 2 of
When the DGs supply power for downstream loads shown in Figure 4 (a) and the fault occurs at Line 2, the current directions, the current directions of B 1 and B 2 are both from bus to fault point because the load impedance is bigger than the grounding impedance [22] . cos( 
Fault at Line 3.
The current direction of B 1 and B 2 is shown in Figure 5 when the fault occurs at Line 3 of Figure 2 (a). There are two situations as follows because the distance is relatively far from fault point to B 2 .
(I) The grounding impedance is relatively small; that is, the effect of fault point on B 2 is serious. And the current direction of B 1 and B 2 will be both from bus to fault point; these directions are opposite to that in prefault and are shown 6 Mathematical Problems in Engineering
Prefault current direction in Figure 5 (a). (18) shows their feature cosine; they are both negative.
Postfault current direction
(II) When the effect of fault point on B 2 is mild, the current direction of B 1 and B 2 can be maintained; these are same as that in prefault shown in Figure 5 In summary, no matter how the initial current direction changes in bus, cos( Table 2 where "+" is positive, "-" is negative. The difference of feature cosine can be utilized to detect the faulty section in the next section.
Protection Methodology
Firstly, it is mentioned that the relays at the ends of a bus are considered and not at the ends of the line; this is because it can reduce the number of relays being used; however, the circuit breakers need to be installed at the ends of the line for isolating a fault. Then, it is presented how to obtain the feature direction (D) of each bus through feature cosine.
Step 1.
( ), +1 ( ), ( ), and +1 ( ) are retrieved at B n and B n+1 , ( ) and ( ) are the normalized voltage and current of phase-w of B n , +1 ( ) and +1 ( ) are the normalized voltage and current of phase-w of B n+1 , w is a or b or c, n is the number of bus, and n is equal to 1, 2 and 4.
Step 2. As for B n , according to Levenberg-Marquardt algorithm, the parameters of bus ellipse equation can be calculated.
can represent the behavior of voltage and current signals.
Step 3. Similarly, as for B n+1 , the parameters of line ellipse equation +1 can be obtained.
Step 4. cos( ) and cos( +1 ) are calculated, cos( ) and cos( +1 ) are the feature cosine of B n and B n+1 .
cos
Step 5. , +1 , and c can be obtained by the following equations.
and +1 , which can show the fault current direction of bus, are the feature direction of B n and B n+1 , and c is the differential direction.
Lastly, if c < 0, the section between B n and B n+1 is judged as faulty section; if c ≧ 0, the section between B n and B n+1 is judged as healthy section. Taking B 1 and B 2 as an example, the procedures of this paper's proposed method can be shown clearly in Figure 6 .
Simulation Results
In order to prove the effectiveness of the proposed method in this paper, different fault conditions are simulated through Matlab/Simulink for the microgrid shown in Figure 2(a) , and conditions for the fault study are explained as follows.
(1) Faulty resistances ( f ): 0.01, 0.1, 0.2, 0.3, 0.5, 1, 5, 10 Ω. (5) Unbalanced loads: each phase capacity of load is changed.
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(6) Noise influence: the signal to noise ratio (SNR) is set as 50db, 20db, and 5db. Figure 2 (a) is operated in islanded mode, LG fault is supposed to happen in Line 1 at = 0.2s; that is, faulty section is between B 1 and B 2 labelled B 1 -B 2 . Faulty conditions include that faulty phase is phase-a and grounding resistances are set to 0.01Ω, 0.5Ω, 0.1Ω, 2Ω, and 10Ω, respectively. Then Table 3 gives the feature cosine of each bus and judgment results after implementing this paper's method; P is phase sequence.
Different Grounding Resistances. When the microgrid shown in
Take grounding resistance 0.5Ω as an example, Figure 7 gives the voltage and current of B 1 and B 2 , and Figure 8 shows the bus ellipses of each phase of B 1 and B 2 . Figure 7 illustrates that the faulty phase voltage direction of B 1 is same as that of B 2 and the faulty phase current direction of B 1 is opposite to that of B 2 , which is illustrated obviously in Figure 8 .
Then, as for phase-a, from Table 3 and this paper's method, the feature cosines from B 1 to B 5 are 0.999, -1.000, -0.999, -0.997, and -0.997, respectively. So, the feature directions from B 1 to B 5 are 1, -1, -1, -1, and -1, respectively; that is, their differential directions are -2, 0, 0, 0, respectively. Similarly, as for phase-b and phase-c, their differential directions are all 0. Hence, the faulty section is between B 1 and B 2 ; this result is consistent with the actual fault. Lastly, from Table 3 we can find that this paper's method can detect fault part effectively in different grounding resistances.
Different Faulty Types. When the microgrid is operated in islanded mode, different faulty types, including LG(b), LLG(ab), LL(bc)
, and LLLG, are supposed to happen in Line 1 at 0.2s with grounding resistance 0.1Ω; that is, faulty section is B 1 -B 2 . Then, Table 4 gives the feature cosine of each bus and judgment results; it shows that the proposed method cannot be influenced by different faulty types.
Different Faulty Section Locations.
The islanded microgrids are simulated at 0.2s with different faulty section locations, including B 1 -B 2 , B 2 -B 3 , and B 4 -B 5 . The fault conditions include fault type LG whose faulty phase is phase-c or phase-a; grounding resistances is 0.3Ω or 10Ω. Then, Table 5 illustrates that this paper's method can detect different fault parts. It is mentioned that the feature cosine is consist with the analysis in Section 4.3 when the grounding resistance is 10Ω and faulty section location is B 4 -B 5 .
Grid Connected Operation Mode.
When the microgrid is operated at grid connected mode, different faults are supposed to happen including different faulty section locations, types, and grounding resistances. Table 6 gives the judgments and shows that this paper's method can detect different faults in grid connected operation mode; besides, the protection scheme cannot be changed compared with islanded mode.
Unbalanced Loads.
In order to prove the effectiveness of proposed method in the condition of the unbalanced loads, the capacity of load L-2 in Figure 2 
(t) u(t) u(t) u(t) u(t) u(t)
−
i(t) i(t) i(t) i(t) i(t) i(t)
Sampling point 7kW; phase-c: the active power and reactive power are 10kW and 8kW.
When different faults are supposed to happen in the microgrid, Table 7 gives the feature cosine of each bus and judgment results. When faulty condition is that faulty section location is B 1 -B 2 , grounding resistance is 0.1Ω, operation mode is islanded, and faulty type is LG (a), Figure 9 is the current of B 2 and the bus ellipses of B 1 and B 2 . From Figure 9 and Table 7 , this paper method can achieve the faulty section location detection in the condition of the unbalanced loads. LG ( 6.6. Noise Influence. In fact, the elliptical representation of the behavior of both voltage and current signals should consider the existence of the noise, which is inherent in the processes of generation, transmission, or even disturbances related to digital recorders. Hence, in order to implement the proposed method effectively, the wavelet denoising method is employed [27] . It is embedded in Step 1 of Section 5. When different faults with different SNR including 50db and 5db are supposed to happen in the microgrid, Table 8 shows that this paper method after adding wavelet denoising method can detect faulty section locations in different SNR including 50db and 5db.
Looped Microgrid.
When different faults are supposed to happen in the looped microgrid shown in Figure 10 , Table 9 gives the feature cosine of each bus and judgment results. From Table 9 , we can know that this paper method can achieve the faulty section location detection in different faulty conditions for looped microgrid.
Sample Microgrid.
When different faults are supposed to happen in the looped microgrid shown in Figure 11 , Table 10 gives the feature cosine of each bus and judgment results. From Table 10 , we can know that this paper method can achieve the faulty section location detection in different faulty conditions for the microgrid whose nodes are with only loads.
Discussion
When different faults, including different faulty resistances and faulty section, occur in microgrid at 0.2s, Figure 12 shows the fault current peak value of B 1 whose time length is from 0.21s∼0.23s. It is shown in Figure 10 that the B 1 fault current in grid connected mode is higher compared with the islanded mode; besides, the B 1 fault current decreases for the faults occurring on the lines away from the B 1 . So, as for fault current, there is a difference between grid connected and islanded modes; besides, if the microgrid has unbalanced loads, its fault current for each phase is obviously different. It can be concluded that most commercially used overcurrent relay with a preset threshold to operate in grid connected mode may fail or may take a longer time to operate in islanded mode [2] . Hence, [14] has different thresholds to detect fault when the microgrid is operated in different modes. However, [14] did not consider the condition of unbalanced load and will make the protection scheme more complex. Hence, in this paper, the protection method, which has the same threshold in different operation mode and unbalanced load, is proposed and superior to [14] .
Conclusion
Based on the geometric representation of one phase in a bus and the analysis of feature cosine of different buses, this paper proposes a protection method to detect the faulty section location using the differential direction. The proposed method uses comprehensively every phase voltage and current to calculate the differential direction; this method is found to work effectively under various case studies as discussed in this paper including different grounding resistances and faulty types. The advantage of the proposed method is that it is not needed to change the threshold to detect the faulty section location when the microgrid operation mode is changed and has unbalanced loads.
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